Invariant NKT (iNKT) cells are an innate type of T cells, which respond rapidly upon activation. iNKT cells acquire these innate-like abilities during development; however, the signals driving development and functional maturation remain only partially understood. Since IL-15 is crucial for iNKT development and is delivered by transpresentation, we set out to identify the cell-types providing IL-15 to developing iNKT cells and determine their role at the various states of development and maturation.
Introduction

CD1-dependent invariant Natural Killer T (iNKT) cells are a unique population of T cells as these cells are functionally active immediately upon stimulation and thus behave in
an innate-like fashion [1] [2] [3] . iNKT cells are defined by the expression of an invariant TCR-α chain (Vα14-Jα18 in mice, and Vα24-Jα18 in humans) along with multiple NK cell surface markers [4] [5] [6] [7] [8] . Interestingly, iNKT cells display immuno-regulatory activity that includes the ability to either enhance or suppress immune responses [9] [10] [11] [12] [13] . These unique abilities of iNKT cells are acquired during development.
Similar to conventional T cells, iNKT cell development occurs in the thymus; however, the developmental process of iNKT cells does not follow the conventional pathway [14] [15] [16] . Developing iNKT cells go through multiple transitional stages that can be followed by staining with CD1d-tetramers along with other cell surface markers (such as CD4, to α−GalactosylCeramide (αGalCer) 22 suggesting these cells are suppressed, inadequately stimulated in the thymus, or perhaps not truly functionally mature.
Moreover, it has recently been suggested that the NK1.1 -iNKT cells in the periphery may be mature or possibly a subset of iNKT cells that only transiently expresses NK1.1 23 . Therefore, functional responsiveness, or true maturation of iNKT cells is not inherent to all NK1.1 + iNKT cells and therefore is likely subject to additional regulation. The transcription factor, T-bet is one protein known to be important for generating functional iNKT cells 24;25 . In iNKT cells, T-bet upregulates expression of CD122 (i.e. IL-2/15Rβ), and allows expression of IFN-γ, granzyme B, and perforin 25 . Although it is clear that Tbet is important for iNKT maturation, how T-bet is regulated in developing iNKT cells in vivo is not known.
IL-15, a common γ chain (γC) cytokine, is a crucial factor for the development of iNKT cells 26;27 . Mice deficient for IL-15 lack normal numbers of thymic and peripheral iNKT cells 26;27 . In these mice, all differentiation stages are present; however, CD44 High NK1.1 + cells are preferentially lost 27;28 . In addition to roles in development, IL-15 is also
For personal use only. on . by guest www.bloodjournal.org From important for iNKT cell homeostasis 27;28 . While IL-15 is critical for the overall iNKT numbers in the thymus and periphery, the source of IL-15 has not been identified. In addition, whether IL-15 contributes to other aspects of iNKT cell biology, such as functional maturation, has not been investigated.
A distinguishing feature of IL-15 is its unique mode of delivery through a mechanism called transpresentation 29;30 . 
Statistical Analysis.
Graphs generated display the mean ± standard error of the mean (S.E.M.) and were obtained using GraphPad Prism software (GraphPad Software, La Jolla, CA).
Statistical significance was assessed by performing an unpaired Student t test.
For personal use only. on . by guest www.bloodjournal.org From
Results
Radiation-resistant cells are crucial in providing IL-15 during intrathymic iNKT cell development
Presently it is unclear which cells require IL-15Rα expression for iNKT cell development. Therefore, BM chimeras were generated to assess the role of IL-15 transpresentation by hematopoietic or non-hematopoietic cells in restoring thymic and peripheral iNKT cells. Accordingly, iNKT cells were detected in the thymus, liver, and spleen in the 4 groups of BM chimera mice using CD1d-tetramers (Fig.1A) . 
IL-15Rα + DCs regulate proliferation and Bcl-2 levels in peripheral iNKT cells.
iNKT cell numbers are dictated in part by proliferation and enhanced survival; therefore these parameters were examined as a means to investigate the mechanism for the increased iNKT cell numbers mediated by IL-15Rα + DCs. Proliferation is believed to occur simultaneously with differentiation of CD44 Low NK1. (Fig.3A) . Surprisingly, no significant differences in BrdU incorporation by iNKT cells from the three groups of mice were observed at any stage of iNKT cells in the thymus (Fig.3A) . In contrast, BrdU incorporation by hepatic iNKT cells was congruent with the increase in peripheral iNKT cells observed in Tg and WT mice compared to IL-15Rα -/-mice (Fig.3A) . This effect occurred regardless of NK1.1 expression suggesting that DC-mediated expansion was not restricted to a specific stage of differentiation or maturation (Fig.3A) . Overall, peripheral expansion of hepatic and splenic iNKT cells is mediated by DCs transpresenting IL-15.
IL-15 upregulates Bcl-2 expression and is one mechanism by which it increases cell survival 37 .
In iNKT cells, Bcl-2 expression is also increased upon acquisition of NK1.1 + expression 38 . To determine whether DC-mediated increases in iNKT cells correlated to Bcl-2 levels, Bcl-2 expression was examined in iNKT cells by quantitating the mean fluorescence intensity (MFI) of Bcl-2 via flow cytometry. In thymic iNKT cells, both CD4 + or DN NK1.1 + cells from WT mice expressed significantly higher levels of Bcl-2 than the analogous subsets from either IL-15Rα -/-and Tg mice ( Fig.3B-C) . In the liver, Bcl-2 expression in CD4 + and DN iNKT cells from the Tg mice was significantly higher (p< 0.05) than the same cells from IL-15Rα -/-mice and was quite comparable to that seen in WT mice (Fig.3B-C) . In splenic iNKT cells, Bcl-2 had a hierarchal expression among IL-15Rα -/-<Tg<WT mice; however, this trend was not statistically significant ( Fig.3B-C (Fig.4A) . Furthermore, the number of donor iNKT cells found in the liver was completely restored by the presence of IL-15Rα + DCs while decreased in IL-15Rα -/-mice (Fig.4B) . Interestingly, the maintenance of iNKT cells in the spleen did not depend on IL-15Rα expression (Fig.4B ). These findings demonstrate that DCs are a major cell-type providing IL-15 in the liver for homeostatic proliferation.
IL-15 is important for functional maturation of IFN-γ producing hepatic iNKT cells.
For (Fig.5C ). Although T-bet was expressed by IL-15Rα -/-iNKT cells, only 59% and 47% of the population expressed high levels of T-bet in the thymus and liver, respectively, which was significantly less than the observed among iNKT cells in the thymus (96%) and liver (89%) of WT mice (Fig. 5C) 
IL-15 transpresentation in periphery promotes functional responsiveness in vivo.
As previously mentioned, thymic iNKT do not respond to αGalCer in vivo 22 ; however, however, the donor iNKT cells were not as responsive as the resident iNKT cells (Fig.7A-B) . In addition, IFN-γ expression by donor iNKT cells was increased in the spleen compared to the liver (Fig.7A-B) . In the absence of host IL-15Rα, the percent of iNKT cells expressing IFN-γ in response to αGalCer was further decreased to a significant degree (Fig. 7 C) . Moreover, while IL-15 has a clear role in iNKT cell development and homeostasis [26] [27] [28] , the role of IL-15 transpresentation in these processes had not been previously investigated. Herein, we show the cell-type transpresenting IL-15 to iNKT cells as well as the function of IL-15 was dependent on the tissue site. . Thus, the proliferation observed in thymus of IL-15Rα-deficeint mice could be due to co-stimulation and other γC cytokines.
In contrast to the thymus, IL-15 influenced both the proliferation and survival of iNKT cells in the periphery. Our finding of IL-15-mediated proliferation is in contrast to the lack of proliferation of iNKT cells observed in IL-15 Tg mice 43 . In contrast to the thymus and liver, splenic iNKT cells in IL-15Rα -/-mice were only minimally deficient in numbers and responded well to αGalCer. Altogether, these findings could suggest that another factor is substituting for IL-15 in the spleen. As IL-7
shares many of the same signals as IL-15 and has been shown to be important for splenic iNKT cells 27 , we believe IL-7 is a good candidate. Interestingly, as IL-15 is provided to other cell types in the spleen, it is unclear why splenic iNKT cells do not assess these IL-15-producing cells. We speculate other mechanisms determine the niche where specific cells reside in or mediate specific cell-cell interactions.
Alternatively, iNKT cells in the spleen and liver may be distinct populations that have obtained differential requirements for the respective cytokines.
It is often assumed that the function of IL-15 in lymphocyte development and homeostasis is to induce survival and proliferation; however, our analyses of iNKT cell responses provide evidence that the functions of IL-15 go beyond regulating cell 
